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Abstract

Ultrastructural details of the hypersensitive reaction induced by infiltration with avirulent r&@ntomonas
campestrigv. vesicatorian pepper ‘Early Calwonder-10R’ leaves (incompatible interaction) are reported. Affected
cells displayed plasmalemma undulations and disruption, lysis of the chloroplast membrane, degeneration of other
organelles, general cytoplasm disorganisation and, often, protoplast shrinkage. The nuclei contained large masses of
electron-dense material, apparently formed by chromatin aggregation. In many cases a single chromatin-like layer
was deposited on the inner side of the nuclear envelope leaving a finely granular matrix in the centre of the nucleus;
the nucleolus usually disappeared. The nuclear envelope was sometimes ruptured and the internal matrix leaked
into the cytoplasm. The content of many affected cells eventually coagulated and became very electron-dense. The
walls often collapsed. All these alterations were especially visible in spongy mesophyll cells at sites where bacteria
occurred in the intercellular spaces. Although some of the nuclear and cytoplasmic alterations recall certain aspects
of apoptotic cell death, molecular determinations did not reveal any DNA degradation in hypersensitively reacting
tissues. The first cell alterations in leaves infected with the virulent bacterial race 1 (compatible interaction) were
observed only 27 h after inoculation, when the cytoplasm of some cells showed limited internal disorganisation and
plasmolysis at sites where bacterial colonies developed.

Introduction (Doidge) Dye (Brown et al., 1993). Other studies
of host cell responses to differetirp mutants of
Electron microscopy studies have been carried out X. campestripv. vesicatoriaor to saprophytic strains
into the hypersensitive reaction (HR) of plants to of the same bacterium, have provided further informa-
bacterial pathogens in various host—bacterial inter- tion on papilla deposition and localisation of®} pro-
actions, including xanthomonad infection in differ- duction (Brown et al., 1995; 1998).
ent plant species (Al-Mousawi et al., 1982; Brown In recent years, hypersensitive cell death, includ-
et al.,, 1993). In particular, host cell alterations at ing that triggered by bacterial pathogens, has been
the sites of bacterial multiplication, attachment of regarded as a form of programmed cell death (PCD),
bacteria to host cell walls and pathogen encapsula- i.e. a process resulting from the execution of a genetic
tion associated with the expression of HR have been programme which in HR possibly depends upon
investigated in cottornkanthomonas campestrigv. host—pathogen recognition (Dixon et al., 1994; Dang|
malvacearunm(Smith) Dye (Al-Mousawi et al., 1982) et al., 1996). That HR is a kind of PCD is fur-
and pepper<anthomonas campestrs. vesicatoria ther confirmed by studies on lesion mimic mutants of
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Arabidopsis thalianand other species which develop cells mi™ (ODgy, = 0.3). The 3rd—5th leaves of pepper
hypersensitive-like cell death in the absence of aviru- plants at the 8th true leaf stage were completely infil-
lent pathogens (Dietrich et al., 1994; Greenberg et al., trated with the bacterial suspensions using a syringe
1994; Dangletal., 1996; Kosslak etal., 1997). The most with a 30 G needle. Plants whose corresponding leaves
common form of PCD, extensively investigated in ani- were infiltrated with water served as controls. Inocu-
mals, is apoptosis. One of the earliest morphological lated plants and controls were kept in the same growth
cell alterations in apoptosis is the condensation of chro- chamber under the above environmental condition. Six
matin and its deposition on the inner side of the nuclear separate experiments were carried out, three devoted
envelope. The nucleus then undergoes fragmentationentirely to electron microscopy studies and three to
and fragments are incorporated into protoplast por- both analysis of DNA degradation and ultrastructural
tions called apoptotic bodies (Kerr and Harmon, 1991). observations.

Apoptosis often includes degradation of DNA into

large fragmepts (Oberhammer et al., 19'93a), Wh!Ch N Electron microscopy

most cases is followed by breakdown into multiples

of 180200 bp due to an internucleosomal cleavage of ¢ jated leaves were collected, together with the cor-
[dS]DNA (laddering) (Wyllie, 1980; Schwartzman and  yesnonding control leaves, immediately after the first
Cldlo_vvsky, 1993). L signs of collapse appeared in hypersensitively reacting
This paper presents an ultrastructural description of plants (68 h after inoculation) in the EM only stud-
the whole process of host cell death, including the early jo5 | eaf samples were then collected from the same
changes,.the collapse phasg and the final degenerati'onmants every 1-2h thereafter until wilting (10-12 h
recorded in the HR induced in pepper leaves by an avir- ot inoculation). In addition, plants inoculated with

ulent race oanthomonas campestps. vesicatoria ihe race 1 pathogen were sampled at 27, 34,48, 96 h
Particular attention is givento nuclear alterationswhich 54 days post-inoculation to follow host ultrastruc-

resemble certain aspects of apoptosis. Furthermore, ity 5| changes during the compatible interaction. In the
is shown_thatsuch morpholog|_cal features are not asso'experiments where the DNA fragmentation was also
ciated with any DNA degradation. investigated, leaf samples from all plants were col-
lected every 2 h, starting from 2 h after inoculation up
Materials and methods to leaf wilting in the incompatible interaction.

Large pieces cut from collected leaves were imme-
diately vacuum infiltrated with 2.5% glutaraldehyde
in 0.08 M phosphate buffer at pH 7.0. Although vac-
Pepper Capsicum annuuni.) plants of the culti- uum infiltration of the fjxative may parti_ally displacg
var Early Calwonder-10R (ECW-10R), which carries bacterial cells from their devc_alopment sites in leaf tis-
the Bs 1resistance gene t§anthomonas campestris  SU€S (Brown etal., 1993), this procedure was adopted
pv. vesicatorig were grown in sterilised compost- S Preliminary experiments had shown that, gener-
enriched soil in a greenhouse at 22=@8under natural ally, it better preser\{ed host cell .ultragtrL_Jcture., Whlch
light conditions. About 40 days after sowing, the plants Was Of paramount importance in this investigation.

were transplanted and transferred to a growth chamber/\fter 2 fixation at room temperature, smaller pieces
at 28+ 2°C, 60-70% RH, 6%E m2s* illumination (0.5-0.8x 0.8-1.0 mm) were cut from the fixed mate-

and 14 h light period. rial and post-fixed in 1% Osp_in the same buffer
The pepper race 1 (strain Xcv 82-8) and race 2 for 2h _at room temperature. Plec_es were then dehy-
(strain Xcv E3) of X. campestrispv. vesicatoria drated in gthanql and embfeddediln a mixture of Epon
which are virulent and avirulent, respectively, to the @nd Araldite resins. Ultrathin sections from embedded
pepper cv ECW-10R, were used as inoculants in materials were stained with uranyl_aqetate and Iead_ cit-
all the experiments. Bacterial cultures, kindly pro- rate and observed under a transmission electron micro-

vided by Prof. Dr. R.E. Stall, University of Gainesville, S¢0P€ (Philips EM 400).

Florida, were maintained as suspensions in 15% glyc-

erol at —80°C. The inoculum was prepared by sus- DNA fragmentation analysis

pending in deionised water bacterial colonies grown

for 48 h on nutrient agar at 2% 1°C. The suspen- Leaves from the same plants used for the microscopy
sion was spectrophotometrically adjusted téi@ble studies (collected every 2h after inoculation) were

Plants, bacteria and inoculation procedure
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flash frozen in liquid nitrogen and stored a80°C. were recorded in control pepper leaves infiltrated with
The whole leaf blade was ground into a fine powder distilled water.
in liquid nitrogen in a cold mortar and the powder
was collected in an Eppendorf tube. The DNA was
extracted according to two different protocols (Ryerson
and Heath, 1996; Young et al., 1997) and run on a 2% )
agarose gel. The same frozen powder was also used infNo ultrasfcructural' altgratlons were observgd at2,4and
pulse field gel electrophoresis, performed according to 8N Post-inoculation in leaves infected with the bac-
Mittler et al. (1997). terial race 2. _Subsequently, hyper;ensﬂwe cell death
DNA in conventional electrophoresis gels was developed which occurred mainly in the spongy mes-
depurinated in 0.125 M HCl for 15 min, denatured ina ©PhYll tissues and affected the palisade layer less fre-
solution consisting of 0.5 N NaOH and 1.5M NaCl for quently. Slight cell changes consisting of plasmalemma
45min and then neutralised in 1.0 M Tris—=HCI pH 7.4 und.ulat|0.n, chIoroplast.dlsorgan|sat|on and cytopllasm
plus 1.5 M NaCl for 45 min. DNA in pulse field agarose ve5|_culat|on occurred. in mesophyll. cells, .espemally
gels was exposed to UV light for 1 min, then dena- at sites \_Nhere .bacterla were seen in the mterc_ellular
tured and neutralised as above. The separated DNASP2ces, in sections from leaves showing early signs of
was transferred to a nylon membrane (Hybond N Plus, hypersensitive collapse (Figure 1A). Most host cells
Amersham) by the capillary transfer method for 48 h of these leaf tissues manifested a considerable disor-

and membranes were then baked in an oven acgo danisation of the chloroplast lamellar system at a more
for 45 min. advanced stage of HR (Figure 2A). Degeneration of

DNA from nuclei isolated from pepper plants o'gher organelles was at this stage sometimes a§§ociated
was used to produce #P-dCTP (deoxycytidine with _ceII death. EIe(_:tron—dense yacuolar preC|pltates,
triphosphate) probe with a random-priming kit from possibly pol_yphenollc gnd sometimes observedlln con-
Pharmacia-Biotech, according to the manufacturer's trol leaves, increased in volume and frequency in cells
instructions. Purification of nuclei was performed as Undergoing HR. The precipitates usually manifested as
described in D’Ovidio et al. (1992). The hybridisation 2d9regates of large spherical globules with an irregular
was carried out at 6 overnight. The membranes  ©f SPiny prqflle (Figure 2A). Membranous bodies were
were washed in SSC at decreasing concentrations from®ftén seen in the vacuoles of these cells.
6x 10 0.1x (1 x SSCis 0.15 M NaCl, 0.015 M sodium In all the experiments, hypersensitive cell death was

citrate), adding 1% SDS to the lowest concentrations. ccompanied by a particular nuclear degeneration pat-
Finally, membranes were exposed to X-ray films at tern. Large masses of an electron-dense material which

—80°C for 2 days. strongly suggested chromatin condensation and aggre-
gation were first observed in degenerating nuclei (com-
pare Figure 1C, D and B). Later a single homogeneous

Ultrastructural observations

Results layer of chromatin-like material deposited on the inner
side of the nuclear envelope and a lightly electron-
Symptoms of bacterial infection dense, finely granular matrix remained visible in the

centre of the nucleus (Figures, 1F, G, | and 2B). The
Pepper (ECW-10R) leaves infiltrated with the race 2 of nucleoli were usually absent. The nuclear envelope
X. campestrigv. vesicatoria(incompatible combina-  persisted almost unchanged (especially Figure 1H)
tion) manifested the first signs of HR as slight tissue although it sometimes ruptured in a limited portion and
collapse 6-8 h after inoculation. Large areas of affected the internal matrix tended to extrude into the cytoplasm
leaves turned greenish brown and then gradually with- (Figures 1G and 2B).
ered and coalesced until almost the entire infected leaf In sections from wilting and shrivelling leaves,
blade had wilted and shrivelled (12-15 h after inocu- the walls of most affected cells tended to collapse
lation). No symptoms appeared on plants of the same (Figure 2C) and the cell content was very electron-
cultivar inoculated with the race 1 (compatible combi- dense, coagulated and, sometimes, shrunken in the
nation) at the time at which HR occurs in the incompat- final stage of HR (Figure 2B and C). Nuclei that dis-
ible interaction. There was, however, a slight decrease played the above signs of degeneration were clearly evi-
in turgor 24-27 h after inoculation, which gradually dent, evenin cells with completely coagulated, strongly
evolved to water soaking, chlorosis, epinasty and leaf electron-dense content whereas other organelles were
abscission 7-8 days after inoculation. No symptoms usually difficult to distinguish (Figure 2B). Cells at



Figure 1 Ultrastructural details of hypersensitive reaction provoked by ra¥arfhomonas campestfis. vesicatoriain leaf cells of
pepper (ECW-10R). (A) and (C) 6 h after inoculation or water infiltration; (B) and (D) to (I) 10 h after inoculation. (A) Plasmalemma
alterations (detachment from the cell wall and formation of membranous vesicles) and incipient lamellar disorganisation of a chloroplast.
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varying stages of alteration were observed at each col- observed degeneration pattern of nuclei in hypersen-
lection time (Figure 1E). sitively reacting cells in our preparations. Paramu-
There were no noteworthy structural or ultrastruc- ral papilla-like formations are frequently detected on
tural alterations in the leaves infiltrated with the the inner side of host cell walls bordering intercellu-
race 1 pathogen (compatible interaction) at the time lar spaces where phytopathogenic bacteria, including
at which HR occurred in the incompatible interac- X. campestrigv. vesicatoria,are developing (Brown
tion. Slightly disorganised cytoplasm and disrupted et al., 1993). The lack of papillae in the leaf material
membranes were documented in scattered cells of examined indicates that such structures may or may
the spongy parenchyma tissue of the leaves at thenot be expressed in a single plant—pathogen interaction
sites of bacterial multiplication 27 h post-inoculation possibly depending on host cultivar—bacterial genotype
(Figure 2D). Collapse and coagulation of mesophyll combinations (Brown et al., 1995) and/or experimental
cells became evident during the subsequent evolution conditions adopted.
ofthe disease but nuclear changes similarto those asso- The nuclear alterations and the protoplast shrink-

ciated with HR were never seen. age we observed in the hypersensitive cell death recall
some aspects of the degeneration pattern characterising
DNA degradation analysis apoptosis. Morphological changes resembling apopto-

sis, such as protoplast shrinkage, plasma membrane
UV light visualisation of DNA separated on agarose blebbing and nuclear condensation have been observed
gels by conventional and pulse field electrophoresis in hypersensitively dying cells in other plant—pathogen
did not reveal the presence of distinct DNA fragments interactions (Levine et al., 1996).
in the samples examined. In particular, no large size  Apart from HR, examples of ultrastructural nuclear
(50-300 Kb) orinternucleosomal DNA fragments (lad- alterations suggestive of apoptotic cell death are also
der) were detected (Figure 3A). Southern blot hybridi- found in plant development, e.g. during degenera-
sation confirmed that the DNA was always intact, in tion of protophloem cells in wheat. An EM study
both race 1- and race 2-infected leaves, even at the lat-showed that the nuclei of these cells exhibit typical
est time point sampled (12 h) (Figure 3B), when EM chromatin condensation and undergo fragmentation
showed a notable predominance of dead cells in the (Eleftheriou, 1986).
hypersensitively reacting (race 2-infected) leaves. The main differences between the morphologi-
cal alterations observed in peppEr-campestrigv.
vesicatoriaand typical apoptotic nuclear changes were
Discussion the lack of nucleus fragmentation and the occasional
occurrence of ruptures in the nuclear envelope (not
The overall picture of host cell alterations observed described intypical apoptotic cell death). Regarding the
in the present work shares general similarities with other cytological features, long persistence of cytoplas-
those previously reported in bacterial infections of mic organelle membranes is associated with apoptosis
plants (Brown and Mansfield, 1991; Brown et al., in animals, whereas early lysis of chloroplast mem-
1993; Goodman and Novacky, 1994; Bestwick et al., branes and general loss of cell compartmentalisation
1995; Fett and Jones, 1995) except for the absenceusually occurred in pepper leaf cells with apoptosis-
of clearly defined papilla-like structures and the like nuclear degeneration.

Note the two encapsulated bacterial cells (b) attached to the plant cell wak= Bam. (B) Normal-looking nucleus and chloroplasts

in a cell of a water-infiltrated control leaf 10 h after infiltration. Bar2um. (C) and (D) Nuclei showing large masses of electron-dense
material indicative of chromatin aggregation in hypersensitively reacting cells. Note the disorganised cytoplasm around the nucleus in (C).
Bar = 1um. (E) A normal-looking nucleus (long arrow) in an unaffected mesophyll cell and a degenerating nucleus (short arrow) in an
epidermal cell undergoing HR in the same leaf section.-B&um. (F)—(I) Formation of a chromatin-like layer against the inner side of

the nuclear envelope (arrows) in nuclei displaying apoptosis-like degeneration. A large, electron-dense mass (long arrow) in contact with
the peripheral layer is still visible in (F). A lightly dense granular matrix can be seen in the central part of the nuclei. An arrowhead in (G)
indicates the matrix leaking into the disorganised cytoplasm through a rupture of the nuclear envelepé..Bar(H) Enlarged view

of the nuclear envelope (short arrow) with the chromatin-like deposit inside (long arrow) shown in (G}.®3um; ch= chloroplast

or chloroplast remnants; cw plant cell wall; n= nucleolus; p= plasmalemma.



Figure 2 Ultrastructural changes in mesophyll cells of pepper ECW-10R leaves causéahbiyomonas campestns. vesicatoria

infection. (A) Degenerating cell in a race 2-infected leaf (incompatible interaction), 8 h after inoculation. Besides a marked chloroplast
disorganisation, membranous bodies and aggregates of nearly spherical precipitates, with an irregular profile, are visible in the vacuole.
Bar = 1um. (B) and (C) Bacterial race 2-infection (incompatible interaction), 10 h after inoculation. What appears to be a degenerating
nucleus (arrows) is still visible in the coagulated, very electron-dense content (cc) of a collapsing cell in (B). The nuclear matrix seems
to extrude into the coagulated cytoplasm (arrowhead).-Bdum. Cytoplasm disorganisation and protoplast shrinkage and slight wall
collapse in a hypersensitively reacting mesophyll cell adjacent to a less severely damaged one (asterisk) ie=(@)nB4D) Infection

with race 1 (compatible interaction) 34 h after inoculation. Note the moderate cytoplasm disorganisation (arrows point to cytoplasmic
vesicles) and partially disrupted tonoplast. The nucleus appears to be normat. Ban; ch= chloroplasts or chloroplast remnants;

cw = plant cell wall; m= mitochondrion; mke= membranous bodies;zanucleolus; p= vacuolar precipitatesz tonoplast; v\= vacuole.

Another puzzling aspect observed in the present in fact been found in several plant cell death path-
study is the absence of any DNA degradation, even ways (Koulakoa et al., 1997; Mittler et al., 1997)
in advanced stages of the hypersensitive cell deathincluding examples of HR mediated disease resistance
investigated. Formation of large DNA fragments has (Levine etal., 1996; Mittler et al., 1997). Furthermore,
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Figure 3 (A) Pulse field electrophoresis and (B) Southern blot analysis of pepper (ECW-10R) genomic DNA extracted from water

infiltrated (control) leaves (Wi), and leaves inoculated with either race 1 (R1) or race X@R#)omonas campestiw. vesicatoria
from 2 to 12 h post-inoculation. hpt hours post-inoculation.

internucleosomal DNA cleavage has been reported this does not seem to be a general rule as experimental
in plant PCD (Young et al., 1997; Wang et al., models are known in animals in which apoptotic mor-
1996), among which pathogen-triggered hypersensitiv- phology and DNA fragmentation can be dissociated,
ity (Ryerson and Heath, 1996). i.e. treatments inducing chromatin condensation do not
Also worthy of note is that in pepper HR to necessarily lead to DNA fragmentation avide versa
X. campestrigv. vesicatoriathe lack of DNA degra- (Oberhammer et al., 1993b; Sun et al., 1994).
dation was found in the presence of morphologi- In conclusion, in the incompatible interaction
cal changes indicative of chromatin condensation. It pepperX. campestripv. vesicatoriawhich we exam-
has been suggested that apoptotic condensation ofined, only the pattern of chromatin condensation and
chromatin results from or is strictly associated with protoplast shrinkage in hypersensitively reacting cells
DNA degradation (Wyllie, 1980; Schwartzman and resembled apoptotic characteristics. Among the other
Cidlowsky, 1993). In plant PCD, including one case of examples of hypersensitive cell death sharing some,
HR, chromatin condensation and/or nuclear fragmen- but not all features with animal apoptosis, is the TMV-
tation appears indeed constantly associated with DNA induced HR in tobacco, where protoplast shrinkage
breakdown (Levine et al., 1996; Wang et al., 1996; and the formation of 50 kb DNA fragments were not
Kosslak etal., 1997; Koulakéyetal.,1997). However,  associated with chromatin deposition on the nuclear
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envelope (Mittler et al., 1997). Examples of HR are
also known in which no apoptosis-like alterations are
detected, the cell death being more similar to that
whichinanimalsis described as necrotic (e.g. Bestwick

et al., 1995; Fett and Jones, 1995). It has been pointed

out that the diversity of morphologies observed in
cell death, including PCD, probably reflects differ-
ent ways in which cells may die (Morel and Dangl,
1997). Apoptosis is the most widely conserved form
of PCD in animals but, regarding the plant PCD, HR
does not generally seem to fulfil all the morphologi-
cal and molecular criteria that define an apoptotic pro-
cess in a strict sense (Morel and Dangl, 1997). This
was confirmed in the case of the incompatible inter-
action peppenx. campestrigv. vesicatoriawhich we
investigated.

Further information on the nature of plant PCD will
be obtained from studies on important early markers of
apoptosis recently established in animals, among which
the activation of caspases (Ashkenazi and Dixit, 1998).
The first available data on the involvement of these and
other enzymes in plant cell death have already been
published (e.g. Del Pozo and Lam, 1998).
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